The behavior of a multi-layer material at high strain rate and the effect of plastic deformation on stress wave propagation were investigated by a combination of experimental and numerical techniques. Plastic deformation effects were studied in multi-layer materials consisting of ceramic, copper and aluminum subjected to large strains under high strain rate loading. First, stress wave propagation behavior for the monolithic metals was studied, and then extended to multilayer combinations of these metals with each other and with a ceramic layer. The axial stress distributions were found to be non-uniform in the elastic deformation range of the specimen. The degree of non-uniformity was much more pronounced in the multi-layer samples consisting of different materials. The presence of a ceramic layer increased the magnitudes of stress gradients at the interfaces. It was also found that a major effect of plastic deformation is a tendency to produce a more homogeneous stress distribution within the components. The implications of these observations for practical systems are discussed. r
Introduction
Thick-section, multi-layer composite materials are being increasingly used for many structural applications where penetration or perforation by foreign object impact is a possibility. As pointed out by Wilkins [1] , the important parameters for resistance to penetration are stiffness (bulk and shear moduli), strength, density, and fracture resistance. These properties, along with a growing demand for low density, make it likely that few monolithic materials will be able to meet all the conflicting requirements. Consequently, new developments require innovative materials or structures in the broad category of composite materials and most of the practical composite structures designed to resist penetration are layered. The layers are usually combinations of fiber reinforced polymer composites, ceramics, and metals. Early composite targets were made by simply bonding a ceramic tile to a metal backing plate, the underlying idea being to use the hard ceramic layer to strain gages to monitor real-time strains/stresses during the course of the tests. Strain gages with 0.79 mm element lengths were used generally, although several tests were also carried out with an array of gages designed to measure the strain simultaneously at several locations along the sample length and thus provide a strain/time/position map of the wave passage. When present, the ceramic layer was always at the impacted side.
Samples were compression tested over a range of displacement rates using the SHPB apparatus with striker bar velocities of 10 and 16 m/s. As an approximate guide, these velocities would generate ''average strain rates'' of $400 and 600 per second, respectively, in homogeneous, single component, copper or aluminum samples. The particular SHPB apparatus used consists of Inconel 718 bars, a 356 mm long striker bar, 3450 mm incident bar, and 1850 mm transmitter bar, all with a diameter of 19.05 mm. Further details of the experimental set-up have been reported elsewhere [38] .
It should be noted that the SHPB apparatus was used in a novel manner in this work. It cannot be used to generate mechanical property data in the conventional way since essentially all of the necessary assumptions are violated. Also, it is well known that the loading condition of SHPB experiments is axisymmetric at best, and the bar-specimen interactions and interactions between different layers of materials are not planar. Therefore, for materials composed of several layers of distinctly different materials, the response of each individual layer is a function of its thickness and material properties as well as those of adjacent layers. Nevertheless, SHPB tests may be performed on multilayer specimens and data generated and recorded from strain gages on the bars in the conventional manner. Although these data cannot be reduced by the usual routines, numerical simulation procedures (models) have been developed which reproduce the output data of these SHPB experiments; the SHPB is essentially being used to validate the models. When experimental and calculated values closely match, (a) confidence in the simulations is achieved and, (b) the tests themselves can actually be interpreted. The SHPB is thus used basically as a ''probe'' to generate a measurable response and when the same response is reproduced by the model, the processes and phenomena incorporated into the model must closely correspond to those occurring within the ''black-box'' of the test.
An additional complication present in conventional SHPB testing, is that differences in the initial crosssectional areas of the bars and specimen layers, and in their transverse expansions under axial compression, can lead to elastic or inelastic indentation into the bar(s) and/or specimen layer(s) in contact. This can cause radial constraints and consequently stress concentrations in vicinity of the interfaces, regardless of whether they are frictional or frictionless. However, these effects are easily incorporated into the numerical models used and their presence does not prevent useful interpretations of results. Nevertheless, early tests were performed with impedance matched tungsten carbide platens between the specimen and bars to minimize the indentation and any such specimen end effects: later experiments confirmed that, although they were unnecessary for purposes of accuracy because of the relatively low striker bar velocities used here, they were still useful to protect the bar surfaces.
A three-dimensional SHPB finite element model was used to study stress wave propagation in the multilayer materials and also in the individual components. The analyses were performed using the commercial explicit finite element code LS-DYNA 970. Two axes of symmetry were assumed so only one quarter of the bar was modeled. For each test modeled, the output was displayed at several locations within the sample as well as at the location of the strain gages on the incident and transmitter bars of the SHPB apparatus: these locations are indicated by letters in the insets in the figures below. The desired ideal result, then, is that data calculated from the model closely match output from the strain gages on the incident and transmitter bars. Similarly, output measured by gages on the sample should also closely match data calculated from the model. If all these conditions are met, it indicates that the model is accurately capturing the wave propagation behavior inside the sample and bars. The model can then be used with confidence to determine local conditions at any point within the sample: this information can be used, for example, to predict fracture initiation sites, local stress gradients. It should be borne in mind that only elastic and elastic-plastic waves were encountered in the present study.
The model has three components in contact: the incident and transmission bars each of length 1524 mm, and the specimen, i.e., the ceramic, copper and aluminum layers (the thicknesses of which are 13.96, 13.40 and 13.40 mm, respectively). The bar diameter is 19.05 mm and the diameter of the specimen is 15.94 mm. The component materials are modeled with eight nodes solid elements and the bar-specimen interfaces are modeled with the automatic contact sliding interfaces without friction, all other interfaces are considered perfectly bonded. A total of 75 elements are used in the model for the cross-section, which provides 10 elements across the radius of the bars. 400 elements are used along the length of the bar. Mesh biasing along the bar axis is utilized to refine the meshes at the contact interfaces. The impact velocity of the striker bar (V ¼ 10 and 16 m/s) has been defined as the initial condition and all other boundaries are traction free and can move in any direction. A rectangular stress pulse is also taken as the input to the impact face of the incident bar for the elastic case solutions. In order to reduce computation time, the simulation uses bars 1524 mm in length instead of full-length bars. It will be seen later from the figures that this has the effect of decreasing the transit time between successive waves and shortening the wave duration slightly: however, it does not affect the basic wave-shapes or amplitudes. Trial computations were carried out using full-length bars, but apart from the slightly smaller time window, no significant differences were found and the shorter bars were used in all calculations henceforth.
Material properties used in the finite element code are shown in Table 1 . The ceramic was modeled with an isotropic elastic material model and the Inconel bars were modeled with an isotropic elastic material model. Aluminum and copper alloys were modeled with a piecewise linear plasticity material model which is an elasto-plastic material model with an arbitrary stress-strain curve and in which an arbitrary strain rate dependency can be defined. Experimentally generated stress vs. strain curves are used as input to LS-DYNA.
Results
The experimental results are presented here in order of increasing incident bar velocity corresponding to increasing loading rate and, as will become clear, increasing degrees of plastic deformation within the copper and aluminum layers. Comparison of quasi-static and dynamic data for the individual materials indicated that much of the ceramic deformation could be modeled as elastic deformation.
Tests on individual component materials
SHPB tests and simulations were first performed for the single material cases, i.e., ceramic only, aluminum only and copper only. Figs. 1(a) and (b) show a comparison of the experimental and numerical simulation results for the aluminum sample and represent data from strain gages mounted on the incident and transmitter bars. Clearly there is good consistency between the model and experiment. The principal difference between experimental and calculated data is a slightly lower resolution for the experimental data since the actual strain gages on the bars have a length of 3.2 mm and tend to average out, or 'smear', the data acquisition process whereas the calculation reports data from a specific element 1.6 mm in length on the bar surface. This observation should also be kept in mind for subsequent comparisons between experimental and calculated data from the samples themselves. This initial testing established the yield stresses of the copper and aluminum as $220 and 280 Mpa, respectively. The strain hardening exponents, considered further below, were calculated to be 0.07 and 0.14, respectively. Fig. 2 (a) shows the longitudinal stress (z-stress) in an aluminum sample, calculated at three elements, one close to each interface and one at the specimen's mid-section as indicated in the inset. It can be clearly seen that the material experiences a uniform stress distribution throughout the entire duration of the test. Similar behavior was recorded for the copper samples. Tests on the ceramics, however, showed that the z-stress distribution was not uniform throughout the sample, Fig. 2 (b), and was significantly higher at the incident bar/sample interface than at the sample midlength. These observations were independent of strain rate within the range investigated and show that the homogeneous state of stress usually assumed to exist in such specimens after 3 or 4 wave reverberations is not, in fact, achieved. accurately captures the details of wave propagation. Fig. 3(c) shows the calculated stress/distance/time plot of this sample: the normalized distance x=H ¼ 0 corresponds to the incident bar/ceramic interface and x=H ¼ 1 corresponds to the aluminum/transmitter bar interface. Fig. 3(c) shows that, during the course of testing, the ceramic experiences a non-uniform stress distribution, with the minimum occurring at the sample mid-length whereas aluminum experiences a more uniform stress distribution as compared to ceramic. This type of figure also clearly demonstrates the severe stress gradients present at the ceramic/metal interface. An important aspect of this work has been the extensive use of strain gages positioned on the sample surfaces to generate measured data for comparison with the numerical data. Since a significant amount of plastic strain occurs in the metal samples, strain data are generally left as such here and are not converted to stress data by assuming a constant value for Young's modulus. Figs. 4(a)-(d) show numerical and experimental data from the individual ceramic and aluminum portions respectively. The elements chosen for the numerical data were the same as for single layer tests in Fig. 2 above. It should be noted, however, that there is now a significantly greater amount of strain variation within the ceramic portion of the sample length (Fig. 4(a) ) when compared with Fig. 2(b) . The ceramic is now even further from a state of uniform strain (and, hence, stress, since it is still in the elastic range) than when tested alone.
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Generally, the numerical data show broadly similar behavior to the experimental data in each component, including similar scales of stress inhomogeneity, similar magnitudes of the maximum stress, and a similar overall shape to each strain vs. time curve. On account of their relatively large size, the strain gages cannot, however, capture the rapid, localized stress oscillations that are seen, for example, in Fig. 4(a) . This ability to resolve fine-scale details of the stress/time history, constitutes one of the major advantages of the present modeling approach. Note also the presence of residual plastic strain in the aluminum layer after unloading. Again, the experimental and numerical data show similar responses in each case, including residual plastic strain level in the copper layer. It is seen that the copper layer showed a residual plastic strain of only $0.2% as compared with $0.4% for the aluminum sample, despite the significantly lower yield stress of the former. Note also that the general shape of the ceramic data varies according to the nature of the metallic rear layer: with an aluminum layer the shape resembles that of the single layer aluminum data (Fig. 2(a) ), rising rapidly at first and then more gently to a maximum stress just before unloading. When a copper backing plate is used, the ceramic data show the more flat-bottomed shape that was characteristic of the single layer ceramic sample, Fig. 2(b) . Fig. 6 shows the calculated axial stress distribution through the thickness for ceramic/aluminum and ceramic/copper specimens at two different time values, namely 340 and 400 ms after the start of the test. It is seen that, at any instant, there is a significantly greater amount of strain variation throughout the length of the ceramic portion of the ceramic/metal specimens than through the metal portion. Furthermore, in addition to the variation with length, the aluminum portion shows more variation with time than the copper specimen. It should also be noted that the stress gradient across the interface is very severe, as the stress rises from $250 MPa in the aluminum to $550 MPa in the ceramic in the few microns across the interface.
In order to investigate the distribution of axial stress along the length of the specimen in the complete absence of any plastic deformation, an SHPB numerical simulation was performed for a two-layer ceramicaluminum specimen subjected to a rectangular stress pulse with maximum amplitude of 100 MPa. Fig. 7 shows the numerical Hopkinson bar response for this ceramic/aluminum specimen. In order to study the axial stressstate of the specimen, element time-histories of the specimen through the thickness were analyzed. Fig. 8 shows the axial stress distribution through the thickness for three different time values. These stress profiles represent purely elastic behavior of the specimen since the stress was not high enough to cause any plastic deformation. Stress concentrations are found at the ceramic/aluminum interface, as well as at the input and output interfaces, and the ceramic layer showed a minimum stress value at its mid-length, while the aluminum layer showed a minimum very close to the ceramic-aluminum interface. At the ceramic-aluminum interface (x=H ¼ 0:5), the axial stress is about 57% more than that at x=H ¼ 0:57. During elastic deformation, the stress varied with position within the components but did not vary with time in either component. Similar results were found for the ceramic-copper and copper-aluminum specimens. Numerical simulation results revealed that stress uniformity was not achieved in the specimen during elastic deformation for any possible two-layer combinations.
Metal/metal
A similar set of experiments and simulations was then carried out for the copper/aluminum material configuration. Fig. 9 shows the calculated stress/distance/time plot for a copper/aluminum sample. The principal difference between this and the ceramic/aluminum case, Fig. 3 , was that plastic deformation led to a more uniform stress distribution inside the sample than was found when a ceramic layer was present, despite an initial (elastic) acoustic impedance mismatch of 2.45 as compared to 1.88. The stress gradient at the interface between layers was now considerably reduced. Tests were also performed with the layer order reversed, i.e., the wave entered the aluminum first and then the copper. Experimental records from these aluminum/copper tests were essentially identical with those from copper/aluminum tests. increase in residual stress/strain levels within the aluminum layer close to the ceramic/aluminum interface as evidenced by the deep 'groove' remaining even after the wave has passed completely at t4500 ms and unloading has begun. When compared with the lower striker bar velocities, somewhat more uniform stress distribution is observed within both layers. As the striker bar velocity increases, it is observed that the region of high stress concentration moves from the incident bar/ceramic interface to the ceramic/ aluminum interface.
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Figs. 11(a)-(d) show experimental and numerical data from the individual ceramic and aluminum layers. Note that there is now more than 2% residual strain in the aluminum layer. The numerical data show very similar behavior to the experimental data in each case, including rapid stress rise in the ceramic, similar scales of stress/strain, similar magnitudes of the maximum and residual stress, and a similar overall shape to each stress vs. time curve. Corresponding data for the ceramic/copper specimens revealed almost identical behavior.
SHPB tests and simulations were also performed for the ceramic/copper case. It was found, both experimentally and numerically, that the reflected wave exhibits an initial peak of $120 MPa, as compared to $180 MPa for the ceramic/aluminum case ( Fig. 10(a) ), that slowly decreases to $60 MPa. The difference in the amplitude of the reflected (and transmitted) waves arises from the different reflection and transmission coefficients and different plastic deformation behaviors. The issue of differing transmission coefficients will be discussed further below. Uniform stress distribution is observed in the copper layer during the later stages of the deformation. The occurrence of plastic deformation of the layer and a low work hardening exponent is the main cause of this behavior.
Metal/metal
Figs. 12(a) and (b) show experimental and calculated data from the incident and transmitter bars for the copper/aluminum case while Fig. 12(c) shows the calculated stress/distance/time plot for a copper/aluminum specimen. Two features are particularly notable for this configuration; first, both components experienced highly uniform stress distribution and, second, a region of considerable tensile residual stress is generated in the copper layer adjacent to the interface. Also, because of the higher initial striker bar velocity, a significant amount of residual plastic strain remains after the impact. 
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Discussion
Ceramic materials have been found to be effective agents against impulsive impact, when suitably supported by a backing plate material. Applications include, among many others, turbine blade containment structures and ballistic armor. Ceramics typically have five to ten times the compressive strength of high-strength steel and only one-half its density. Unfortunately, since their tensile strength is low, their integration into containment schemes must be carefully considered otherwise fragmentation from elastic stress or shock waves, not penetration, is more likely to cause the system to fail. Initial impulsive impacts occur at a point and ARTICLE IN PRESS produce spherical waves below the ceramic layer. Without support material behind it, the ceramic is likely to suffer damage in two ways. At early times, i.e., times characteristic of wave transit across the thickness of the ceramic plate or tile, the free boundary condition will cause the generation of reflected normal and shear stress waves equal in magnitude, but opposite in phase, to the incident wave; these waves can cause the ceramic to fragment internally. At later times, i.e., times characteristic of wave transit across the width, the ceramic will bend and the momentum of the projectile will sustain the bending until structural failure occurs.
Consideration of how this picture may be affected by the presence of a metallic backing layer provided part of the motivation for the present study. These effects are also relevant for newly developed ceramic/metal functionally graded materials (FGM) as well for ceramic/metal or ceramic/composite armors. In FGM the properties vary continuously with no discrete interface boundaries. The presence of ceramic/metal and metal/ metal interfaces in ceramic/metal armor and FGM necessitates the investigation of the propagation characteristics across these interfaces in order to be able to successfully model their behavior under dynamic loading. Study of the propagation characteristics of impact waves across a planar interface between ceramic and adjacent metal layers is a necessary first step. The present work shows that plasticity effects are particularly important in these multilayer materials. Plastic deformation is a strong link between the relatively straightforward totally elastic solutions and the much more complex solutions which include damage effects in both the ceramic and metal. One of the most important assumptions made in the classic one-dimensional Hopkinson bar theory, and one that is the key to deriving readily interpreted data from such tests, is that the specimen deforms under uniaxial stress once a homogeneous stress distribution (equilibrium) is achieved within the specimen after a few microseconds of 'ringing up' time. Figs. 2(b) clearly shows, however, that this assumption cannot be satisfied even for a single isotropic layer under some circumstances, while Figs. 4 and 6 indicate that it is unlikely ever to be achieved for any combination of two or more materials of differing acoustic impedance. The axial stress distribution is found to be highly non-uniform in both the linear elastic deformation range of the specimen as well as in the plastic deformation range. This non-uniformity level is much more pronounced ARTICLE IN PRESS in multi-layer materials consisting of materials with widely different elastic moduli and (yield) strengths, Fig. 8 . The presence of a ceramic layer greatly increases the severity of the stress gradient at the interfaces.
There are two processes contributing to this behavior. The first concerns the acoustic impedance (Z) of each material, defined as the product of density (r) and acoustic velocity (C) of that material.
Acoustic impedance is important in the determination of acoustic transmission and reflection at the boundary of two materials having different acoustic impedances. Stress waves are reflected at boundaries where there are differences in acoustic impedance, Z. This is commonly referred to as impedance mismatch. The fraction of the incident-wave intensity in reflected waves can be derived because particle velocity and local particle pressures are required to be continuous across the boundary between materials. Formulation for acoustic reflection (R coef ) and transmission coefficient (T coef ) are given below for a wave-entering medium 2 from medium 1:
The transmission and reflection coefficients in the ceramic-copper interface are 0.996 and 0.004, respectively, while those for the ceramic-aluminum interface are 0.787 and 0.213, respectively. Data from the incident and transmitter bars show that a significantly greater fraction of the incident wave is reflected straight back to the incident bar in ceramic/aluminum case as compared to ceramic/copper case: this can also be inferred from the shape of the initial stress rise data of Figs. 4(a) and 5(a). For comparison, the transmission and reflection coefficients in the copper/aluminum interface are 0.829 and 0.171, respectively. Stress values and the magnitude of the stress gradient inside the layers are consequently lower than those of the ceramic/copper case.
The second process contributing to the observed behavior of the present bi-layer samples concerns the relative elastic limits of the components. The SHPB apparatus imposes a displacement on the sample. In the case of a material with a high modulus and elastic limit (e.g., the ceramic) this displacement leads to the generation of a large stress interval, whereas for a material of lower modulus and/or lower elastic limit (e.g., a metal) a significantly lower stress interval is possible.
A further difference also arises in this second case, since a metal with a high strain-hardening exponent will be able to exhibit a wider range of stresses than a metal with a lower strain-hardening exponent. In the present study, the strain-hardening exponent for Al was determined to be 0.07, while that for Cu was 0.14. Consequently, for equal increments of imposed strain, the Cu can sustain a significantly greater stress range than the aluminum. The situation is shown schematically in Fig. 13 , for a ceramic and two metals of similar yield stress but differing work hardening exponents, all subjected to the same imposed strain of De and the relative stress ranges are seen to be significantly different in each case. Since the present metals differed in their yield stress, elastic modulus, and strain hardening exponents, the present situation is quite complex and further work is underway to separate the relative contributions of these three factors. The picture that emerges, then, is that wave propagation in multi-layer materials is significantly more complex than in monolithic materials and cannot be treated by simple superposition principles. Impact on multi-layer materials can produce severe stress inhomogeneities at interfaces as well as serious stress gradients within the layers themselves. Brittle layers are shown to be highly susceptible to the formation of steep stress (strain) gradients and are, therefore, very likely to fracture. More ductile materials may be able to accommodate these gradients via plastic deformation. The existence of this type of gradient in composite materials could be expected to lead to delamination and other fracture modes, the locations of which could be predicted from the present modeling approach.
The ability of the metallic component to undergo plastic deformation contributed significantly to reducing the severity of stress concentrations in these samples and can also delay the rate of stress increase in the ceramic layer. By separating the relative contributions of yield stress, strain hardening exponent, modulus, and acoustic reflection and transmission coefficients it should be possible to design such bi-material composites to optimize their energy dissipation and fracture characteristics.
Conclusions
The present work has demonstrated for the first time the feasibility of modeling stress wave propagation in complex multi-layer materials consisting of metals and ceramic with an experimentally validated numerical model. The axial stress distribution was found to be highly non-uniform in the linear elastic deformation range of the specimen, with a tendency to become somewhat more uniform in the plastic deformation range. The degree of non-uniformity is much more pronounced in multi-layer materials consisting of different materials. The presence of a high modulus ceramic layer increases the severity of the stress gradient at the interfaces and it has been shown that the stress may double across the interface. It has been shown that plastic deformation of materials can significantly affect their response to wave propagation and, in particular, that a major effect of plastic deformation is to lead to a more homogeneous stress distribution within the components. Severe stress inhomogeneities may exist in multi-layer materials and these may have serious consequences for the mechanical and other properties. However, plastic deformation has now been shown to limit the maximum attained stress levels within the components, and might provide an avenue to control the location of the fracture initiation sites and damage levels.
